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Became of the t n k r e e t  in t he  use of mechRnctzl-electrical 
devices for c a p t i n g  the e k b i l l t j r  ckracteristics of p i lo t lea8  
a i rc raf t  and gcided missiles, &TI analy~fs m made of the probable 
r q e  of the stfibll i ty parametere of present and future mimilm. 



s~zch a device, it is also necessary to provide for duplication of 
t he  aeroa$-.lamic and ~ B E S  characteristice of the  missile. The 
remainder of t h e  t e x t  premnts the reeulte of a ~urveg made to 
entimate the probable range of the stability parameters of existing 
and future missilea S.n a form suitable for t h e  &eslgn o f  a flight 
Cable 

m mS8, ElU@ (w/G) 

W ,might, pounds 

Q acceleration of gravity, feet  per aecond per second (32’.2) 

Y eidewise velocity, feet  per second  (poeitive t o  the l e f t )  

v forward velocity, feet  ser second 

S  ring area, quare feet  

b wing epan, feet 

t time,  aecond8 

2 tail length, feet (distance frdm center of gravitr to center 

C wan aerodynamic chord;. feet 

U incremental velocity, fee t  per eecond (AV) 

of presf3ure of tail) 

u’ 3- U 

90 

L- 

D 

M 

Cr, 

I’ 

c 
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V 

dynamic pressure, pounds per squws foot (99) 
lif% force, pounds 



3 

4 

. 

l a t e ra l - fo rce   coe f f i c i en t   y s r ; tE fmce  

P m a 8  density of air, sluge per cubic foot 

a angle of a t tack of a i r c ra f t  reference line to flfght’ path 

8 inclination of a f rc ra f t  reference asda fYom horizontal plane 
(fig.  1) 

P angle of aideellp 

$ angle of yaw 

# an& of bank 

9 pitchlng a w m  velocity 

r yaviw angular velocity (2) 



% radius of gymtian about 2rincipsl longitudinal axis, fwt  

mius of gyratim about prSncipal normal m i a ,  feet bi 
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The dymmlce of mechanic61 flight WB assuwsd amenable to 
analpis  on the ba8j.s of the theory of -11 ceci l lat icns.  On %hie 
asemptSon then, one equatlon is written f o r  each degree. of freedom 
of t h e  motion. Sfmultaneouls S O h l ~ i O n  of t h e  equatfone pemtts cal-  
culation 02 the motion of the airplene a f t e r  a disturbance. The 
t e r n  defining the changes in aerod;namic forces and moments due to 
a deviation are referred to as "a tab i l i ty  d.erfvatives" a& 81'8 
part5.al dwivatlves . 

Aesuarpti01m.- In the application of' t h e  theory the f.ollowing 
aseumptiom are mde : 

Equations of Lateral Motfan 

The nondfmenslonal equations for la tere l  motion can be writton 
for the azimuth oriented flight-path axe8 (atability axes) shown in 
ffgure 2. 
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Them take the form of 
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The equatione of' motion of a flying body about its longitudinal 
flight axes may be witten in the form 

I. 
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-10.0 < cy < 0 ” 

- B  
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CyE = 0.516 Missile no. 3, table I 

cyG = 1 .&I Miaeile no 7,. table I 

The I .ar~;er value regresents the side f'crce cl-wted by deflection of 
an a l l -mvabla  tsil surface, t he  other the si& force created by a 
typical  trailing-edge  cantrol. In ~au@n.g the range tha t  t h i s  
derivative mil cover, it appears tha t  the max5.m~ will be reached by 
an all-movable wing. The side-9mce  dorivatfve will therefore be 
eqml t o  the llf%-cwve slope of t he  wing. The  ma^^ valEle o f  
llft-curve sl&e i8  obtained on wins cd' i r - f inl te  uEpect r a t i o  a rd  
i~ t&ooret?.cally eqml, t o  2a per radiaa. Wear &ch n w h r  = 1.0, 
the 1-ift-curve dopas  3f lowxr aspsct r s t i o  w;',n..p ir,creass can- 
std.wably, but pfobabb cone wculd ,have a l if t-curve slope greater 
then 6-0.  Coneeqwatly,  the ran@$ of Oys covered by the 3 3 . g h t  

tabla silould >e 

-6.0 .c cy c 6.0 6 

It appears tha t  t h l s  raxge %.%U also cover the ei&e forces  created 
b: a swivelin3 j e t  2ozzle, or deflected je%. The side force devebped 
by a nozzle doli-rering 8 thrmt ,T' and deflected 1 radian is approxi- 
mately equal to t h e  tkust which ie t h B  same order QB the drag a t  
t o p  speed. In coefficieat form then CV J TC' = CD, apprcxlm3tel.y. 
On missilea deylgned f o r  h4@ speed the drag coefficient shou3.d not 
exneed 0 -1 and hence tho  range of Cy6 previously ncted should 
readily encmpes  tile o w i v s ~ - n o z z l e - t y p e  ccntrol.  
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that C for  deaigna of the future will be from two to four times 
ae large as present-day values. The recamended range of CnB is 
therefore 

np 

. 

It ahould be pointed out that positive values of Clbl? cannot be 
obtained aerodgnamically -below the  stall. 
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to t h e  other deriwitives _merLowly diacusaeb. Even when a miseile 
"is operating a t  high lift coefficienk in a turn, L t  appears unlikely 

that values of Cnp p e a t e r  than -0.4 could be reached. Zt is 
possible that  in 6DmB Unusual cases positive values of Cnp could 
be obtained. Thie could happen on hi- sweptback win'@ or a t  high 
lift coefficients if &e;pmmetrlc stalling tabs place. .Rec@mmended 
r a n p  for C . .  

?Pp: . .  . I . .  , -  . 

I .  , .  

0 ,. -0.4 < C < ' O a k  % 

' (a) kS: Yawing momenis can a r l m  thro~& use of either the 
a i le ron  or mdder control. The aileran maments, homver, are small 
cmparod to those created. by. .rudder i . .  Typical values of C for 

modem missiles are of . t h e .  qrder'.of - U * l i  The previously estimated 
rar@.of  Cys my be ueed t o  estimate t h e  range from the 

relattonsbip C ns, = bAssurning .the maximum tail len,$h to be 

aqua1 to two tFmes the wing span, ha3 a rmse of values  twice 

as l a r ~ e  at3 Cya. Hence, ,I$ S a  .reccmUEnded that 

"s, . .' 

c%r 

ens, 
. .  . . .  . 

(b) Clp: Valr-ee of C2 axe shorn in table  I.' This i n f ' o m -  
P 

tfon show t h a t  C is of the'order -0.4. CzP i s  almost always 

negative b e l o v t h e  stall and is primarily determined by the aspect 
2P 
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-0.1 < cZ, < 0-8 

(a) Cz8: The aileron control 1s the chief source. of r o l l i r q  
moments en conventional d e e i p .  . Typica l  value6 for the r o l l i n g  
moments created by such o m t z o l e  on the awcraft in table I are of 
the O r d w  of -0.14. In general, automtlml ly  controlled missiles 
do not require a Large amowt of aileron control for stabilization 
or maneuverability. How?rer, future desigm m3 require large 
amounts of lateral control. In order to %e conservatfve, therefore, 
provision shoulcl be made t o  cover a range of 

This  estimate lncludes the extrame case of t& w h q p  of inflnite 
aepect ratio deflected differentially t o  produce Lateral control. 

’p;z! lfhis factor is moderate* amall for miss5les compared t o  air- 
planes 0-g t o  t h e  fact th&t m e t  of the +ssile me8 is cancer 
trated near I t s  center of gravitr. Ho”ever, tJlLs may not be true fn 
the future as present trends Stre to inatall heavy power plants In  
the rear of the missile Ths reccmrmended range is therefare 
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r e h t i v e  density ratio -. m As mta6il.e ax6 al t i tudes 

-1.0 < C q 1  e 1.0 

-2.0 < C L  < 1*0 

.- 

I. 

Recommended range for (3% is 



- 1  

L. 
(d) Cx8: In general, the 'longitud3nal farce change caueed by a . 

control  deflection is n8&.igible canrpared to the longitudinal forces 
created by alrplane motion. However, ff the HFnga th-elve~ are 
used f o r  control this factor could be of the order of ma. Hpce, 
recommen6ed range far CxS 5 s  

Noml-force derivatives (squatian(5). - (a) C k , :  T h i s  deriva- 
tive is approximstely equal to -2C1;. Hence, the recammended range 
for CZuris 

-10 .o < CQ < 0 
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Recormended rarqe of Cmu I is 

Recommended range of & is 

-4.0 % < 2.0 

" .  
(c) ha: The derfvative C arises bemum of the lag 

Qa 
between Che change i n  angle of a t t ack  8t t h e  wing and the  carre- 
spondiw downwash at t h e  tail. FolLowing are values of Cns, : a 

Missile no. 
( a m  table  I) I 

1: 
2 .  
5 
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A satisfa.ctory range f o r  woul& be 

a 

-20.0 < cns, < 0 
a 

(a) %: This derfvatlve denotes the  rotary danging in  pitch. 

A a m y  of existing % data indicates that this p a m e t e r  i s  
r~r8l.y greater than -15.0 far conventional aircraft. For missiles 
with large horizontal tai ls  with respect t o  the- wing area, larger 
v€LJxes. bf %’ coul‘d be expected. Hence, t h e  recarranended range. 

of % is: I ’  ’ 

-50.0 € Cms < 0 

( e )  C&: Thia derivative is a function of the elevator effec- 
tiveness and. its linkage t o  the automittic contzol. On normal tgpe 
elevator controls a value of C of the arder of -1.0 is not 

wccrrmu3n. The extreme, cam w o u l d  a r i se  where an all-mving wtng or 
tall is used, for control. For this ~ 8 8 8 ,  

%e 

Assuming a tail length of E-chord lengths the, recmmmnded range 
of Cms is; . .  . 

. -  
. .  

1 .  

-12.0 < c&.< 0 . I . .  



f o r  the average missile e Frovlsion &odd be made to aLlow a 
raqy of 

to grmb a safe margin for dssigns which may operate a t  
very hi& altitudea. 

(b) Ky: ThiB factar should be of the same order of magnitude 
8s G. The recamended rarge 18 therefore 

( c )  pc: pc = A. Values of this parameter as high as 400 
PSC 

have been obtained. It is believed thet v a l u y  of p, .up t o  1000 
should be considereti. 

If it is considered necessary to include the crom &eriva,tivea; 
t h a t  fa, those parameters narmally associated wTth the Longitudinal 
equatiom which are affected by l a t e r a l  displacements and vice-versa 
(C9, Czq, Qp, etc. ), these values cen be easily determined and 
substituted into the equatione in the appropriate places. In order 
t o  acaocazt properly for t h e m  crom  derivativee, howbver, the right 
members of equations (3 to (6)must be generalized by including the . 
terms depending upon coniblned LongitudLnal and. lateral motion. 
Including these t e r n  is eguivalent to eliminating a s a m t i o n . 5 ,  
page 6 .  Two  of the moot ipportant of the m o m  derivatives are 

which at a ma3dmum muld equal -C and cD8, which would 

equal for 8 cruciform a b c r s f t  configuration. Other cross 

derivatIve8 can be est”iied f’rm similar cansiderations. 

%) 
%’ 

lche values of t h e  parameters given  here are only approsdmate 
and cover a much wider range than most missiles an6 pilotless air- 
c r a f t  wJ.11 obtarn. However, of the parameters may incrdme t o  
a value of infinity d e r  certain conditions. Under these conditions, 
particularly a t  +cry hi& altitudes in tenuous air, t h e  concept of 
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Mi- mnb.r 1 2 I 3 

12.0 

-0.a -0.35 

0.l83 0.085 to 
0.22 

0.11 

I I I I 

39.0 

u.2 

-O.b 

0.075 

-0.215 

-.a22 

-0.060 
-0.37 

0.019 
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